Abstract
I. Introduction
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Low altitude microburst vindshear is recognized as a major hazard during takeoff and landing of aircraft. Microbursts are relatively small, intense dovndrafts vhich spread out in all directions upon striking the ground. shear is encountered at low altitudes during landing or takeoff, the pilot has little time to react correctly to maintain safe flight (Fig. 1) . In the United States during the period 1964 to 1985. there vere 26 major civil transport aircraft accidents and four incidents involving 626 fatalities and over 200 injuries for vhich vindshear vas a direct cause or a contributing factor. As part of its integrated vindshear program, the Federal Aviation Administration (FAA) jointly with NASA, is sponsoring a research effort to develop airborne sensor technology for detection of low altitude windshear during A/C takeoff or landing. A primary requirement for an airborne forvard-looking sensor or system of sensors is to be capable of detecting both heavy ("vet") and light ("dry") precipitation mf-robursts. One sensor being considered for this application is microwave Doppler radar operating at X-band or higher frequency. Since absolutely clear air produces no radar return at microvave frequencies except very slight scattering from gradients in the index of refraction on the scale of the r.f. wavelength, the emphasis in the present research is on those microburst containing at least some liquid water.
When such wind-
Previous experiments1 and studies have demonstrated, in a limited way, the capability of airborne Doppler radars to detect the presence of windshear. However. for A/C landing and take-off applications, the problems of severe ground clutter, rain attenuation, and low reflectivity levels must be solved. To consider these problems, a Microburst/Clutter/Radar simulation program has been developed to aid in ?he evaluation and develi opment of Doppler radar concepts. program incorporates windfield and reflectivity databases derived from a high resolution numerical windshear model2, clutter maps derived from airborne Synthetic Aperture Radar ( S A R ) backscatter data, and various airborne Doppler radar configurations and signal processing concepts. The program simulates the operation of a Doppler radar located in an A/C approaching a runway, sensing signal returns from a windshear microburst and an airport clutter environment. burst/Clutter/Radar sirnulation program is presented along with examples of simulation outputs.
Using this program, a preliminary tradeoff and assessment study was conducted to evaluate the performance of Doppler radars to detect windshear during A/C landing. Case study results for a strawman design are presented, illustrating airborne Doppler radar capabilities. Results for both a "wet" and "dry" microburst are included. This preliminary study shows the feasibility of using airborne Doppler radars to detect windshear; however, further detailed studies w i l l be required, fncluding future flight experiments, to completely characterize their capabilities and limitations. Pn -k T s / r n -(7r5/A4) lk,,I2 2 , T As seen from these equations a large number of parameters affect the performance of the radar.
The designer, hovever, has control over only a few of them, mainly transmitter power. antenna gain, frequency of operation, pulse duration, and to a minor degree, target range. There is. for airborne operation, a number of factors which limits the choice of values for these parameters. The use of higher operating frequencies rovides greater sensitivity to rain reflectivityy3) and higher resolut i~n (~) , but is subject to greater attenuation by rain. operate at frequencies of S-band (1-3 CHz). C-band ( 3 -8 C H z ) , and X-band (8-12 GHz.). Although neglfgible attenuation occurs at S-band, the increase in sensitivity and smaller cell resolution at X-band outweighs the small increase in attenuation (2-5dB) experienced for "wet" mfcrobursts. rnicrobursts, frequencies in the Ku-band (12-18 Chz) region could be considered since attenuation would remain low. both "wet" and "dry" microbursts could utilize dual frequency operation. but practical considerations make it desirable to find one frequency that can provide acceptable performance for a l l microbursts. 
Most operational

SNR Performance
Using selected values of parameters found in . 3) show more than sufficient SNR performance for these ranges of reflectivities. For "dry" microbursts the core reflectivity can be in the range of 20 to 30 dBz range, falling to -2 0 to +5 dBz in the outflow region. The 9.3 and 15 CHz performance for a -10 dBz reflectivity falls below 0 dB SNR at about 3 km and 6 km respectively, which are still acceptable ranges for this application. An increase in transmitter pover vould be required to operate down to the -2 0 dBz level.
Clutter Performance
The X and Ku-band SNR performance vas shown in the previous section to be more than sufficient to allow adequate Doppler processing. Hovever, one of the major problems associated with the sensing of microburst using an airborne Doppler radar is the presence' of ground clutter. To assess the magnitude of this problem, an analysis of clutter spectra and clutter-to-signal (CSR) ratios vas conducted, using ground clutter maps derived from well-calibrated SAR Normalized Radar Cross Section (NRCS) data as described in section 111. A set of clutter maps has been produced for a number of different airports from existing sets of SAR data. Table 2 Radar parameters used in clutter analysis A/C range from runvay --A/C ground velocity ---- 
-10 dB
The results of this preliminary clutter analysis show that the highest clutter levels (CSR of 30-60 dB) occur where the pulse in the main beam intersects the ground, from the urban areas, and for antenna tilt angle of oo.
are shown by these analyses, which can be utilized to greatly reduce the effects of clutter. First, lower CSR values occur at short ranges in front of the A/C, at range gates where the pulse in the main beam has not touched the ground.
At these ranges the clutter is coming primarily from aidelobes, which if sufficiently low will suppress the clutter signals. For a 3 O beamvidth antenna pointed down at a Oo tilt angle and a 5 km A/C range, the -3 dB point of the main beam first touches the ground at about 3.5 km. and the first sidelobe null point at about 2.7 km (a point about 35 seconds ahead of the aircraft). For a 2O tilt these points are about 6 and 4.3 km respectively. Note in figure 4 the increase in CSR at a range of 2.5 km. This point corresponds to NRCS levels of -5 to 0 dB from a residential area about 2.5 to 3 km from the runway. The clutter level would have been much higher had the main beam been viewing this area rather than the beam sidelobes.
TWO significant results
A second fact that is very evident in the data is the significant reduction in clutter that occurs when the antenna is tilted up from Oo to 2O. Thus, by limiting the range of data processing and employing proper antenna tilt control, CSR levels can be kept below 40 dB (well within the dynamic range capabilities of present day Doppler radar receiver design technology). Clutter suppression techniques can then be employed to reduce clutter to acceptable levels. Path attenuation for each incremental scatterer is determined by integrating the path losses over the transmission path. \isad to determine the incremental path losses from the liquid water content of the microburst. Aircraft ground velocity is assumed to be known accurately so that derived Doppler frequencies can be referenced to a value of zero corresponding to that velocity.
Empirical formulas4 are
Antenna patterns simulated include a generic parabolic antenna with size and aperture illuminatton taper specified by input data, and a flatplate array antenna with a pattern similar to that found in the current generation of X-band airborne veather radars.
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In the simulation. a sequence of N pulses of inphase (I) and quadrature (Q) signal amplitudes are calculated for each range bin as discussed above and subjected to ACC amplification and A/D quantization. A simulated fast-acting ACC is used to adjust the gain of the system on a bin-by-bin basis to achieve a wide dynamic range and to prevent signal saturation (due to clutter) prior to and during A/D conversion. The I and Q pulse stream is then digitally filtered to suppress ground clutter near zero Doppler frequencies and processed using both conventional pulse-pair and spectral averaging algorithms to derive the average velocity and spectral width of the scatterers in the range bin. Further processing of the velocity data provides information on windshear and aircraft hazard factor.
I
.-
Provision is made in the simulation to generate returns from a specified number of range bins over a specified azimuth scan so that simulated color displays of reflectivity, velocity, windshear, spectral width, etc.. can be examined. Other outputs of the simulation include plots of pover levels, velocity, spectral width, windshear hazard factor, and ACC levels vs. radar range. Doppler spectra of ground clutter and moisture as derived from the I and Q signals from each simulated range bin are also plotted.
Ucroburst Model
As mentioned above. the microburat model is a detailed numerical convective cloud and storm model that calculates the time history of the development of a microburst. The model uses a nonhydrostatic. compressible and unsteady set of governing equations which are solved on a three-dimensional staggered grid. The computation can be initiatcd from observed data and generates realistic wind fields that compare favorably with observed data such as that obtained in the JAWS study5. simulations to date, a 4x4 km lattice of 40x40 meter grid spacing increments (tvo-dimensional axisymmetric version) has been generated at selected time periods. Output parameters include the radar reflectivity factor (dBz), vind velocity components, temperature, equivalent potential ternperature. pressure and moisture content (water vapor, ice, cloud droplets, rain, snow and hail/graupel). The model developed under NASA sponsorship is described in detail in references 2 and 5.
For the radar
For the radar simulation cases discussed in this paper, a typical "wet" microburst and a typical "dry" microburst were selected and used to investigate radar performance at a particular instant of time. velocity field of the axisymmetric "wet" microburst used in the radar simulation. The "dry" microburst is similar in form but with smaller dimensions, lower wind speeds, and much lower reflectivity lev-, els. The "wet" microburst data are taken at 11 minutes after initiation of the microburst calculation and the "dry" microburst data are 23 minutes after initiation. The "wet" microburst resembles sn axisymmetric version of the 2 August, 1985, Dallas-Ft. Worth storm6 and the "dry" microburst is based on soundings taken on 14 July, 1982, within the JAWS network near Denver. 
To partially
The corrections for depression angle are not entirely satisfactory,, and cause an uncertainty in the clutter calculations of the preliminary cases discussed in this paper. Flight experiments using the ERIM SAR instrument will be flown in the summer. and fall of 1988 to collect more representative airport clutter data with depression angles corresponding to those that would be seen by an airborne radar on the approach path. vide better information of depression angle rariation of NRCS for urban environments as well as other surfaces. These data will pro-IV. SIMlTUTED RADAR PERPORHANC& "Wet" Microburst To examine the expected radar performance in specific situations, several cases have been simulated, as illustrated in figure I, using the baseline system parameters given in table 1 and the ground clutter map from the Willow Run airport area. Figure 11 plots the SNR and SCR vs. radar range for a "wet" microburst that would be seen by the radar at a distance of 7 km from the runway touchdown point vith the antenna tilted up 2 deg from the projected aircraft path. axis is located on the projected path 2 km from the touchdovn point. The calculated reflectivity factor of the vater droplets along a line corresponding to the projected aircraft path is also plotted in figure 11 for comparison to the simulated radar measurements. For this case, the SNR and SCR are high over the entire region of the microburst, vith a minimum value of SCR (lOdB) occurring at approximately 3 km from touchdown. This minimum value is due to high clutter power from an urban area at this location. The S N R exceeds 20 dB over the range, with approximately 18 dB difference between the near side and far side of the microburst due to path attenuation and geometrical factors (in this plqt, the pover levels are not corrected for the Figure 12 shows the calculation of the radial component of vind velocity derived from both pulsepair and spectral averaging algorithms operating on 128 simulated I and Q pulses from the radar. This figure also plots, for comparison, the "trua" wind speed, defined as the velocity component along the center line of the antenna beam. It should be noted that the true velocity, as defined, will always differ somewhat from the radar-measured velocity because the true velocity is measured along a line (the antenna center line), whereas the radar system measures a weighted (by reflectivity and antenna pattern) average of the velocity over a finite volume of the microburst.
The microburst RT loss).
A two-pole high-pass Buttervorth filter vas used to filter the I and Q pulses to suppress ground clutter. The 6 dB frequency response cutoff point is located at a Doppler frequency --relative to the A/C ground valocity--corresponding to a radial component of wind velocity of 3 m/s, and the filter has two zeros at zero Doppler frequency. The effect of the clutter filter can be seen in figure  13 . which is a plot of the Doppler spectrum in a range bin 4 km from the radar calculated vith and without the clutter filter. For simulated velocity measurements, a processing threshold of 4 dB is used (i.e., the pulse-pair and spectral averaged velocities are set to zero if the radar received power is less than 4 dB greater than the noise threshold). The radial term of the hazard factor reaches a maximum value of 0.1 for this microburst. and both pulse-pair and spectral averaging algorithms give good measurements of the factor. "Drv" Microburst vere also made vith the "dry" microburst discussed previously. Figure 15 .shovs the hazard index derived by these runs using the baseline system parameters operating at 9.3 CHz. The figure indicates that although the vindshear vas detected, the velocity measurement vith the baseline set of system parameters vas somevhat noisy.
Simulation runs similar to those discussed above To improve the performance on the "dry" microburst, several system parameters can be changed. These trade-off studies have just been initiated. For example, to illustrate the radar performance at Ku-band, the dry microburst case discussed above vas simulated using the same set of baseline parameters, except the operating frequency vas changed to 15 CHz and the PRF vas changed to 4878 pulses per second. Results for the Ku-band system vith the dry microburst are shpwn in figures 16, 17, and 18. As may be seen, even though the SNR and SCR values are much lover than those vith the vet microburst. the vind velocity vas successfully measured over the hazardous part of the microburst. factor calculation clearly indicates the vindshear hazard associated vith this microburst.
Simulated Disulavs
The radar simulation program provides for an azimuth scan mode and the generation of simulated displays of several variables of interest. Figure  19 shows a black and vhite copy of a simulated (color) display of radial vind velocity for the %etn microburst vith the baseline set of radar parameters. Figure 20 is a aimulated plot of the radial term of the F-factor and clearly indicates that a potential vindshear hazard lies on the aircraft path. These displays should not be interpreted as recommended displays for the aircrev. since the specific method of alerting the crew to a hazard requires extensive study, vhich is presently under way, and will most likely consist of a warning light or alarm which may be supplemented by displays of additional information to aid the aircrew's decision-making process.
Future Simulation Develoumenc
The simulation program will be improved in the near future by incorporating more sophisticated signal processing techniques, models to represent moving ground clutter, and techniques for estimating true, nuisance. and m i s s e d hazard alarms. Considerable effort is planned to incorporate and investigate a full range of microburst/clutter environments, provide improved displays of simulation output data for evaluating performance, and to conduct extensive tradeoff and optimization studies The hazard V. Concludinn Remarks A preliminary tradeoff and assessment study vas conducted to evaluate the performance of airborne Doppler radar sensors to detect hazardous microburst vindshear during A/C landing. Using a preliminary set of performance requirements for the design of foward-looking sensors, a baseline set of radar parameters vas developed for use in assessing vindshear detection performance using a radar simulation program. of the simulation program, vhich includes excellent models of microburst vind fields, realistic clutter maps of airports, and accurate models of Doppler radar operation and signal processing.
A description vas given
For the baseline Doppler radar sensor configurations modeled, prelialnary analyses of the computer simulation case studies shov that vindshear can be accurately detected 10 to 65 seconds in front of the aircraft approaching a hazardous microburst positioned in the flight path of landing aircraft .
This vas accomplished using a bin-to-bin ACC. clutter filtering, limited detection range, and suitable tilt management. The sensor is highly effective for the "vet" microburst vhere very high SNR and SCR are obtainable due to large reflectivity levels. For the "dry" microburst. vith low reflectivity levels, vindshear vas detected, hovever. more tradeoff analyses and signal processing studies are needed before the performance for the "dry" microburst case can be fully assessed.
Initial simulations vere conducted vith a specific airport, selected microburst time instants. and the base-line radar parameters. These simulations clearly-;hov that in realistic situations, downward-looking airborne radar sensors have the potential to detect vindshear and provide information to the aircrev that will permit escape or avoidance of hazardous shear situations. Plans are underway to investigate a full range of microburst/clutter environments, conduct extensive tradeoff and optimization studies, and investigate various signal processing and clutter filtering concepts vhich can provide reliable windshear detect ion capability .
The initial simulation studies vere confined to the landing approach, since it presents the.most severe signal-to-clutter situation. Studies of the takeoff case are planned. Since the antenna can be tilted up, therefore providing high signal-toclutter ratios, acceptable detection performance is anticipated for this case.
Although hazardous windshear can be detected by Doppler radar, the pilot must be alerted in a timely manner to avoid the hazard. A hazard index has been developed) vhich establishes when a threat to the performance of the A/C exists. The simulation studies shoved that a Doppler radar sensor can detect the horizontal component of this index with sufficient accuracy to indicate in a timely manner that a threat exists. Further studies using this index vi11 be conducted for various microburst types and locations relative to the A/C to assess the missed and nuisance alarm rate. Displays of additional advisory information for the aircrev will probably be required, and are under study. Output display examples from the simulation studies represent scne of the information that could be provided.
The present and future simulation studies vi11 provide a good foundation to determine the capabilities and limitations of Doppler radar concepts for the detection of microburst vindshear. experiments are needed to evaluate the simulation modeling and performance estimates. experiment program is planned for the 1990-91 time period. The first phase of flights vi11 involve measuring the clutter environment from selected airports during landing approaches. These data vi11 be used to evaluate the clutter map models derived from the SAR data. A second phase of flights will collect data from severe convective storms at altitudes above 2000 feet. These data will be combined with the clutter data to be used to evaluate the performance of various signal processing concepts. Flight tests for candidate concept evaluation and demonstration would follow. 
